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ABSTRACT 

As part of the Center for Adaptive Optics (AO) Treasury Survey (CATS) we imaged a set of 15 
intermediate redshift (z ^ 0.8) luminous infrared galaxies (LIRGs) with the Keck Laser Guide Star 
(LGS) AO facility. These galaxies were selected from the Great Observatories Origins Deep Survey 
(GOODS) southern field, allowing us to combine the high spatial resolution HST optical {B, V, i, 
and z-bands) images with our near-infrared {K'-hand) images to study the LIRG morphologies and 
spatially resolved spectral energy distributions (SEDs). Two thirds of the LIRGs are disk galaxies, 
with only one third showing some evidence for interactions, minor, or major mergers. In contrast with 
local LIRG disks (which are primarily barred systems), only 10% of the LIRG disks in our sample 
contain a prominent bar. While the optical bands tend to show significant point-like substructure, 
indicating distributed star formation, the AO K-hand images tend to be smooth. They lack point- 
like structures to a 23.5 limit This places an upper bound on the number of red super giants 
per blue-knot at less than 4000. The SEDs of the LIRGs are consistent with distributed dusty star 
formation, as exhibited by optical to IR colors redder than allowed by old stellar populations alone. 
This effect is most pronounced in the galaxy cores, possibly indicating central star formation. We 
also observed a set of 11 intermediate redshift comparison galaxies, selected to be non-ellipticals with 
apparent i^-band magnitudes comparable to the LIRGs. The "normal" (non-LIRG) systems tended 
to have lower optical luminosity, lower stellar mass, and more irregular morphology than the LIRGs. 
Half of the "normal" galaxies have SEDs consistent with intermediate aged stellar populations and 
minimal dust. The other half show evidence for some dusty star formation, usually concentrated in 
their cores. Our work suggests that the LIRG disk galaxies are similar to large disk systems today, 
undergoing self regulated star formation, only at 10 - 20 times higher rates. 

Subject headings: galaxies: spiral — galaxies: starburst — galaxies: stellar content — infrared: galax- 
ies — instrumentation: adaptive optics 
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1. INTRODUCTION 

Luminous in frared galaxies (LIRGs; for review see 
ISanders fc Mka bcl 1996) are defined to have total IR lu- 
minosities (8 — lOOO/xm) in excess of 10"Lq. At low red- 
shift, LIRGs are rare, comprising le ss than 5% of the total 
IR en ergy density of local galaxies (jSoifer fc Neugebaueil 
Il991| ). However, by z = 1, LIRGs account for ~ 70% 
of the IR background (|Le Floc'h et al.ll2005[ ). The high 
IR luminosities of LIRGs result from thermal dust heat- 
ing in starbursts, or active galactic nuclei (AGN). Dust 
absorbs optical and UV radiation, and reemits that en- 
ergy in a broad thermal peak in the mid to far IR. In 
order for a star forming galaxy to emit at a LIRG level 
it must have a very high star formation rate, in excess of 
~ 17Mq yr~^. In the local universe, these high star for- 
mation rates are prim arily triggere d by galaxy-galaxy in- 
teractions or mergers (|Ishidall2004 ). However, the rise m 
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the number density of LIRGs with redshift appears to be 
unrelated t o any c hange in the merg e r rate. F or instance 
iBell et al.l ()2005f ): iMelbourne et al.( (|2005aD : iLotz et all 
(I2006D all show that roughly 50% of intermediate red- 
shift LIRGs are disk galaxies with little sign of recent 
merger activity. 

While morphology rules out major mergers as trig- 
gers for the majority of intermediate redshift LIRGs, in- 
teractions with neighbors, minor mergers, or bar insta- 
bilities may contribute. In addition, intermediate red- 
shift disks may contain higher gas fractions than their 
local counterparts, allowing otherwise normal galaxies 
to reach higher levels of star formation. Some star 
formation triggers have observable signatures. For in- 
stance interactions, minor mergers and bar instabili- 
ties will tend to drive central star formation. Cen- 
trally c oncentrated star formatio n is a feature of local 
LIRGs (ISanders fc Mirabell [l996h . Minor mergers may 
also show elevated star star formation in a dwarf com- 
panion which may appear as a single bright blue knot 
at these redshifts (jFerreiro fc Pastorizal I2004D . Minor 
mergers and interactions m ay also produce tidal features 
(jKnierman fc Knezekll200"5l ) or drive bar instabilities. 

Low redshift LIRG disks are found to u niformly con- 
tain b ars (Wan g et al.l l2006l). Interestinglv. I Zheng et al.l 
()2005( ) found that intermediate redshift LIRGs are rela- 
tively free of bars. Their study, however, was done with 
optical (rest-frame UV) imaging and therefore may not 
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TABLE 1 
Keck Observation Summary 



object 


R.A. 


Dec. 


obs. date 


exptime 


FWHM 


Strehl 




(J2000) 








(m) 


of PSF (") 


estimate 


LIRG 1 


03:32:13.86 


-27:42:48.9 


Sept. 


29, 2005 


44 


0.10 


0.30 


LIRG 2 


03:32:13.24 


-27:42:40.9 


Sept. 


29, 2005 


44 


0.10 


0.30 


LIRG 3 


03:32:12.81 


-27:42:01.5 


Nov. 


25, 2005 


55 


0.08 


0.35 


LIRG 4 


03:32:32.99 


-27:41:17.0 


Dec. 


11, 2006 


50 


0.11 


0.25 


LIRG 5 


03:32:32.90 


-27:41:23.9 


Dec. 


11, 2006 


50 


0.14 


0.18 


LIRG 6 


03:32:31.48 


-27:41:18.1 


Dec. 


11, 2006 


50 


0.11 


0.25 


LIRG 7 


03:32:31.05 


-27:40:50.1 


Dec. 


11, 2006 


50 


0.11 


0.20 


LIRG 8 


03:32:32.46 


-27:40:56.6 


Dec. 


11, 2006 


50 


0.11 


0.25 


LIRG 9 


03:32:52.88 


-27:51:19.8 


Dec. 


11, 2006 


53 


0.12 


0.18 


LIRG 10 


03:32:52.87 


-27:51:14.7 


Dec. 


11, 2006 


53 


0.12 


0.18 


LIRG 11 


03:32:53.02 


-27:51:04.7 


Dec. 


11, 2006 


53 


0.11 


0.20 


LIRG 12 


03:32:07.98 


-27:42:39.4 


Sept. 


28, 2005 


60 


0.14 


0.14 


LIRG 13 


03:32:55.88 


-27:53:27.9 


Nov. 


12, 2005 


30 


0.12 


0.15 


LIRG 14 


03:32:38.12 


-27:39:44.8 


Dec. 


11, 2006 


42 


0.10 


0.24 


LIRG 15 


03:32:55.69 


-27:53:45.9 


Nov. 


12, 2005 


30 


0.09 


0.30 


COMPGAL 1 


03:32:13.06 


-27:42:04.9 


Nov. 


25, 2005 


55 


0.08 


0.35 


COMPGAL 2 


03:32:30.93 


-27:40:58.43 


Dec. 


11, 2006 


50 


0.11 


0.20 


COMPGAL 3 


03:32:53.428 


-27:50:51.06 


Dec. 


11, 2006 


53 


0.10 


0.24 


COMPGAL 4 


03:32:52.33 


-27:50:51.8 


Dec. 


11, 2006 


53 


0.11 


0.20 


COMPGAL 5 


03:32:09.40 


-27:42:36.1 


Sept. 


28, 2005 


60 


0.12 


0.15 


COMPGAL 6 


03:32:08.43 


-27:42:43.5 


Sept. 28, 2005 


60 


0.12 


0.15 


COMPGAL 7 


03:32:55.95 


-27:53:57.1 


Nov. 12, 2005 


30 


0.10 


0.25 


COMPGAL 8 


03:32:13.458 


-27:41:49.89 


Nov. 25, 2005 


55 


0.08 


0.35 


COMPGAL 9 


03:32:36.17 


-27:39:55.7 


Dec 


. 11, 2006 


42 


0.12 


0.20 


COMPGAL 10 


03:32:36.68 


-27:39:54.6 


Dec 


. 11, 2006 


42 


0.10 


0.30 


COMPGAL 11 


03:32:55.003 


-27:50:51.63 


Dec 


. 11, 2006 


53 


0.11 


0.20 



be sensitive to bars, which in the presence of dust will be 
more easily observed at rest frame red to near-IR wave- 
lengths. 

While centrally concentrated star formation is_a fea- 
ture of low redshift LIRGs ( San ders fc Mirabel ITOOl ). it 
may be less important for intermediate redshift LIRGs. 
If the intermediate redshift LIRG disks are experiencing 
smoothly distributed star formation, rather than cen- 
trally concentrated star formation, then there may be 
no need to invoke a "trigger" for the event. These galax- 
ies may tend to high star formation rates simply because 
of higher gas fractions. If that is the case, then higher 
star formation rates may actually be normal for the large 
disks of that epoch. 

It is currently an open question, whether the inter- 
mediate redshift LIRGs are "triggered" or experiencing 
"normal" , if elevated, star formation. In a series of 3 pa- 
pers we discuss the modes of star formation in a set of 15 
intermediate redshift LIRGs and 11 comparison galaxies. 
These galaxies are lo cated in the Great Ob servatories 
Origins Deep Survey (iGiavahsco et al.l[2?)0l GOODS), 
in fields for which we have obtained high spatial resolu- 
tion IR imaging from the Keck laser guide star (LGS) 
adaptive optics (AO) facility . This paper will present 
the HST (from GOODS) and AO images, basic photo- 
metric measurements, and will discuss the morphologies 
of the LIRG and comparison galaxy samples. It will seek 
to identify "triggers" (e.g. mergers, interactions, bars, 
or AGN) for the LIRG events, and will present the spec- 
tral energy distributions of subcomponents of galaxies in 
an attempt to identify sites of dusty star formation. We 
compare the results from the LIRG sample with the set 
of "normal" (i.e. non-LIRG) galaxies drawn from the 
same fields. 

Paper 2 will attempt to "fit" the SEDs of the galaxy 
sub-components with specific stellar population synthesis 



models. Paper 2 will compare the stellar populations of 
the central and outer regions of each galaxy in an effort to 
identify where the bulk of the star formation is occurring. 
It will also attempt to locate the bulk of the dust and 
compare to the global dust measurements from Spitzer 
24/im images. 

Paper 3 will expand our work on the morphologies of 
the LIRGs. It will present analysis of the Sersic profiles 
of each galaxy. It will then look for substructures hidden 
beneath the Sersic profiles, specifically looking for small 
central bars, or tidal features not immediately obvious in 
the images. 

While the sample size is small, 15 LIRGs and 11 "nor- 
mal" galaxies, it is a unique data set. It is the only such 
set of intermediate redshift galaxies that has been ob- 
served in 4 optical bands with HST and with equally 
high spatial resolution in the near-IR. The point-spread- 
function of our if-band AO images has a full- width half- 
max of 0.1" comparable to HST in the optical, and a 
factor of 3 improvement over HST NICMOS. The high 
spatial resolution is necessary to study galaxy subcom- 
ponents individually. The Keck IR band is necessary to 
distinguish between old and young-dusty stellar popula- 
tions, which are degene rate cases gi ven the optical HST 
data alone (Melbourne et al.ll2005bl ). 

While the AO images are vital for this project, they are 
difficult to obtain. Adaptive optics systems require guide 
stars in order to track and correct the turbulent layers 
in the atmosphere. The first generation adaptive op- 
tics systems required very bright (i? < 13) natural guide 
stars (NGS) nearby the science target (d < 40"). NGS 
stars are rare, especially at the high galactic latitudes of 
the extragalactic treasury fields. GOODS-S contains no 
suitable NGS guide stars. Laser guide stars improve the 
situation. The Keck sodium LGS AO system produces a 
bright {R ~ 10) artificial star in the sodium layer of the 
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Fig. 1. — A typical CATS pointing in GOODS-S. The left panel shows the Keck AO pointing. The tip-tilt star is in the bottom, left-hand 
corner of the image. North is up, east is to the left. During each observation the laser was positioned at the center of the frame. As the 
telescope dithered between frames the laser moved with the telescope. The right hand panel is the same as the left only it is a three color 
image, combining the Keck AO i<'-band(red) and HST i and B-band (green and blue) images. The blow up shows LIRG 3 which contains 
a prominent red bulge and blue star forming regions. It also shows COMPGAL 1, an inclined spiral. 



Earth's atmosphere. The LGS AO system uses the laser 
spot to correct the high-order aberrations of the wave- 
front. LGS AO systems stiU require a natural guide star 
to correct for image motion ("tip-tilt" correction). These 
tip-tilt stars, however, can be as faint as i? ~ 18 making 
- 30% of the GOODS field accessible to the Keck AO 
facility. 

The images used in our study were obtained as part of 
the Center for Adaptive Optics Treasury Survey (CATS; 
[Melbourne et al.l l2005bl . ; Larkin et al. in prepara- 
tion). During Spring 2008, the images will be made 
available for download to the public through the CATS 
web i nterface ^. CATS NGS images in the COS- 
MOS (IScoville et al.ll2006l Cosm ological Evolution Sur- 
vey) and GEMS (|Rix et al.ll2004 Galaxy Evolution From 
Morphology And SEDs, ) regions are already available 
for download as a service to the community. 

This paper is divided into the following sections. Sec- 
tion two describes the basic data used in this study, in- 
cluding a discussion of the AO observing strategy, data 
reduction, and PSF estimation. Section 3 presents the 
5-band high resolution images, and a discussion of galaxy 

^ http:/ /www.ucolick.org/^jmel/cats.database/cats.search.php 



morphologies. Section 4 gives global photometric mea- 
surements and derived galaxy properties, such as abso- 
lute magnitude, rest-frame color, stellar mass, and IR 
luminosity. This section compares the broad properties 
of the LIRG and "normal" galaxy samples. Section 5 pro- 
vides photometry and SED's of galaxy sub-components 
and compares these with single burst stellar population 
synthesis models. Section 6 discusses the findings of the 
paper and puts them into the context of previous results 
from other groups. Section 7 summarizes. 
We assume a flat cosmology with Hq — 70 km/s/Mpc, 
= 0.3, and Qx = 0.7. 

2. THE DATA 

The galaxies in this study are drawn from the GOODS- 
S HST treasury field. The GOODS team obtained very 
deep ACS imaging in 4 optical bands F435W, F606W, 
F775W, and F850LP iB,V,i, and z, respectively). The 
field has also been ima ged in the i nfrare d with the 
Spit zer Space Telescop e (jRieke et al.l |2004|) , and in x- 
ray (jRosati et al.l l2002f l with the Chandra X-ray Tele- 
scope . We identify LIRGs in GOODS-S using the MIPS 
24/xm measurements and IR luminosity estimates from 
iLe Floc'h et"all((2005h . We use the x-ray images to iden- 
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tify x-ray luminous LIRGs which are likely to harbor 
AGN. We use the optical ACS images to measure mag- 
nitudes, colors, and morphology. The high spatial resolu- 
tion (typically 0.06") of these images allow us to measure 
photometry of galaxy subcomponents, such as bulges, 
star forming knots, and bars. 

In addition to the imaging data, several large red- 
shift surveys have targete d the GOOD S-S field. The 
largest, COMBO- 17 (Wol f et al.l [200l . used narrow- 
band imaging to match S EDs to ph otometric redshifts 
with high precision. Vanzella et al.l (2006) targeted an 
additional 500 galaxies wi th the F0RS2 s pectr ograph on 
the Very Large Telescope. ISzokolv et al.l (|2004f ) obtained 
F0RS/F0RS2 redshifts for an additional 1 61 Chandra 
sources m the field. Finally the DEEP2 pavis et all 
[2003) collaboration obtained spectra of 91 galaxies in 
GOODS-S with the DEIMOS spectrograph on Keck. We 
make use of these redshifts for our project. 

2.1. Keck Adaptive Optics Data 

We obtained Keck LGS AO observations of seven, ~ 1 
hour pointings in the GOODS-S field over a two year pe- 
riod from 2005-2006. These observations were made with 
the NIRC2 camera in the wide field of view (40x40"), in 
the J^'-band. Figure [1] shows an example AO pointing in 
the GOODS-S field. The centers of pointings where re- 
stricted to be within 20" of suitable tip-tilt stars (typical 
magnitude R ~ 15). 

There are ~ 30 suitable tip-tilt stars in the GOODS-S 
region. If you place the tip-tilt star in the corner of the 
detector there are four possible pointings for each star. 
This allowed for a large degree of fiexibility in choosing 
pointings. We specifically selected pointings with a high 
density of bright disk galaxies, or x-ray sources. We did 
not specifically target fields with LIRGs. After the AO 
observations were made we ident i fied th e IR luminous 
galaxies from the iLe Floc'h et al.l (|2005( l catalogue. As 
we will see in the following section, the LIRGs tended to 
be at intermediate redshift, 0.5 < z < 1.0. 

In addition to LIRGs, we selected a comparison sample 
from the same AO pointings. Our goal in constructing 
this sample was to compare star formation triggers of 
non-LIRGs with star formation triggers of LIRGs. We 
also wanted to select galaxies that had strong detections 
in the AO images so that signal-to-noise ratio was sim- 
ilar for both the LIRGs and non-LIRGs. Therefore the 
criteria for selection into the comparison sample was 1) 
iiT-band fluxes comparable to the LIRGs; 2) intermedi- 
ate redshift; 3) non-elliptical morphology. Eleven galax- 
ies matched these criteria. While there were a hand- 
ful of ellipticals that would have fit the i^-band criteria 
we did not include these because they were not actively 
star forming. In addition, none of the LIRGs exhibited 
elliptical-like morphology. 

2.2. Adaptive Optics Observing Strategy 

AO observing is challenging because of the high ther- 
mal background of the atmosphere and instruments, 
and because the profile of the AO point-spread-function 
(PSF) fluctuates with time. Exposure times should be 
short enough so that the detector will not saturate ob- 
jects (typical saturation time is 5 min for the wide fleld 
camera in the if-band), but long enough to detect ob- 



jects in a single sky subtracted exposure (to improve im- 
age alignment on dithered data). 

Another exposure time consideration results from the 
time varying PSF. The atmospheric turbulence proflle 
can change on the time scale of several seconds. When- 
ever light passes though a particularly turbulent patch, 
the AO correction and image quality will suffer. If an in- 
termediate redshift galaxy contains high contrast point- 
light regions (i.e. bulges, bars, and star forming knots) 
they will be hard to detect above the background unless 
they are AO corrected. Therefore better measurements 
of high contrast structures can be achieved by culling 
poor AO performance images. In order to take advan- 
tage of culling, multiple shorter exposures can be an im- 
provement over fewer long images. It is also important to 
track the AO PSF, in order to measure the system per- 
formance. The Strehl ratio, the ratio of peak brightness 
in a PSF to its theoretical maximum, gives a measure of 
AO performance. 

Over the course of two years we tried several different 
observing strategies. Because we were using the wide 
fleld camera, we generally tried to keep the tip-tilt star on 
the detector to track the AO PSF. At each dither position 
we took a short exposure of the tip-tilt star to get a PSF 
estimate, followed by a long science exposure. For the 
flrst three observing nights our science exposures were 
30 seconds with 4 coadds giving a total exposure time of 
2 minutes per dither position. Our short PSF exposures 
were generally 2-5 seconds. Unfortunately we found that 
those short exposures were too short to give an accurate 
measure of the PSF. They were taken immediately after 
dithering and the AO system did not have enough time 
to settle down before the exposure was over. As a result, 
these were of limited value. If the short PSF exposures 
were taken after the long science exposures, immediately 
before the dither, they would give a better representation 
of the PSF in that part of the fleld. 

For our final two observing nights we changed our 
strategy. We decided to make our long exposures 30 sec- 
onds with two coadds, for one minute each, but we only 
dithered after two science frames. Thus each dither posi- 
tion was still 2 minutes of science exposure. We did this 
so that we could improve our ability to cull low Strehl 
images. It was a reasonable strategy because we could 
detect objects for alignment in the one minute exposures. 
For the short PSF exposures, we increased the coadds so 
that the total exposure time was ^ 20s. This allowed 
for a better PSF measurement than the very short ex- 
posures used in the first nights of observation. In cases 
where the tip-tilt star did not saturate in 30s or there 
were additional PSF stars in the field, we did away with 
the short exposures all together. 

By placing the tip-tilt star on our camera, we had a 
real-time PSF estimate at one place in the field. How- 
ever, this PSF may not be a good match to the PSF 
of a galaxy at a different location in the field. In ad- 
ditional to temporal variations, the PSF changes with 
respect to separation from the laser spot and the tip-tilt 
star. In order to track the spatial variations in the PSF 
we observed star fields each night. Star fields were gen- 
erally observed at the beginning or the end of the night. 
Because most of the observing was done with half-night 
runs, we only observed one star field per night. While 
the GOODS-S fields were observed at typical airmasses 
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Fig. 2. — Enclosed energy fractions as a function of radius, for 
the AO PSFs used in this study (dotted hues). Also shown is 
the e nclosed ene rgy fraction of the HST 2-band PSF (from Tiny 
Tim, IKrist|[T995l ') before and after convolution with the AO PSF 
(open and filled circles, respectively). This figure demonstrates 
the wide range of PSF shapes that occur in our sample. It also 
shows that the HST PSFs tend to have steeper enclosed energy 
distributions compared with the AO PSF. In order to bring the 
data to a common PSF, we convolve each HST image with the AO 
PSF. 

of 1.5, the airmasses of the star fields were typicaUy 1.2. 
When the seeing was good, the spatial variations in the 
PSF were relatively constant between successive star field 
images even when the overall Strehl was changing. The 
AO PSFs are discussed further in Section 

For all of the observing runs we adopted the strategy 
of keeping the laser spot fixed at the center of the NIRC2 
camera. This meant that as the telescope dithered, the 
laser dithered as well and the location of the laser spot 
changed with respect to the background galaxies and 
stars. Steinbring et al. (submitted) demonstrated that 
this strategy allows for the most uniform AO perfor- 
mance across the field. 

2.3. Adaptive Optics Data Reduction 

The AO image s were reduced in the same manner as 
iMelbourne et al.l (|2005bD . The procedure was to create 
sky and flatfield frames from the science images after 
masking out sources. After flatfielding and sky subtrac- 
tion, frames were corrected for known NIRC2 camera 
distortion. Image alignment was performed by centroid- 
ing on objects in the field. Frames were then average 
combined with a clipped mean algorithm. 

Each night UKIRT IR standard stars were observed 
to set the photometric zeropoint. These images were 
reduced in the same way as the science frames. 

2.4. Adaptive Optics PSF Estimation 

In Section 5 we will present photometry of galaxy sub- 
components, some of which have typical sizes of ^ 0.2", 
smaller than the seeing limit. In general, knowledge of 
the AO PSF will be the limiting factor in the accuracy 
of the small aperture photometry. The AO PSF is com- 
prised of a diffraction limited core, and a seeing limited 
halo. The seeing limited halo represents the light that 



the AO system was unable to correct, while the core rep- 
resents the corrected light. In order to do accurate pho- 
tometry of regions smaller than the seeing limited halo, 
we will need to know the fraction of light in each compo- 
nent. This can be derived from the Strehl ratio which is 
the ratio of the peak of the observed PSF to the theoret- 
ical maximum peak of a perfect diffraction limited PSF. 
We will then have to bring the HST and AO images to a 
common PSF, so that the photometry is measured in the 
same way across all 5 bands. In this section we describe 
how we model the AO PSF for each galaxy. 

Because the AO PSF varies both temporally and spa- 
tially, it is very challenging to make an accurate estimate 
of the PSF of a given galaxy in the field. However, we de- 
signed our observing strategies (see Sec. 12. 2p in order to 
obtain the best possible PSF estimates. We can generate 
PSF estimates from a combination of the following data: 
1) unsaturated images of the tip-tilt star; 2) images of 
star fields taken during the night; and 3) serendipitous 
PSF stars in the field. 

Ideally we would combine the real time Strehl esti- 
mates from the tip-tilt stars and serendipitous stars with 
the spatial variations tracked by the star fields to model 
the AO PSF anywhere in the field at any given time. In 
practice, because most of our tip-tilt PSFs needed longer 
exposure time to be accurate representations of the PSF, 
we decided to base our PSF estimates entirely on the star 
fields. 

For each galaxy, we first identify the star in the star 
field that is located closest to the field position (with re- 
spect to the tip-tilt star and laser positions) of a study 
galaxy. We measure the radial profile of this PSF into 
the noise of the sky. We use this profile to model the 
core of the PSF. The halo of the PSF is more difficult to 
model, because, for most stars in the star field, the halo 
is observed with low signal-to-noise ratio. Instead, we 
use observations of bright standard stars (originally ob- 
tained to set the photometric zeropoints for each night) . 
Because the standard stars have much higher signal-to- 
noise ratio (SNR) in the wings of their profiles, we use 
them to model the halo of the PSF. The standard stars 
were observed with tip-tilt AO correction on, but high- 
order AO correction off. The outer profile shapes of these 
stars should be similar to the outer profile shapes of the 
AO corrected PSF, because the outer shape is set by the 
seeing and tip-tilt correction. 

We generate a 2D model of the AO PSF by combining 
the core -I- halo profiles. We splice the two profiles to- 
gether at the point where the core PSF drops to only 9 
sigma above the noise. At this radius we scale the halo 
PSF to the same flux level as the core PSF, and follow 
the halo profile for the remainder of the AO PSF. This 
method gives us a high SNR estimate of the PSF to very 
low flux levels at large radii from the core. We chose 9 
sigma as the splice point based on the few unsaturated, 
yet high SNR, stars in our science fields. 

Figure [5] shows the AO PSF enclosed energy fractions 
as a function of radius (dotted lines) . This figure demon- 
strates the range of PSF shapes that occur in our sample. 
Also plotted is the enclosed e nergy fraction for the ACS 
z-band PSF (from Tiny Tim, lKristl fT995) before and af- 
ter convolving with the AO PSF (open and filled circles, 
respectively). Before convolution, the HST PSFs are 
steeper than the AO PSFs. After convolution the HST 
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Fig. 3. — A study of the effect of AO PSF models on galaxy 
subcomponent photometry. The 4-band HST images of a sample 
galaxy where convolved with two different P SFs. PSF^i was our 
best guess model PSF as derived in Section 12.41 PSFg was an 
actual star in the science frame nearby (10" separation) the galaxy. 
PSFg should be similar to the true PSF for this galaxy. We see that 
after convolution, the photometry of the galaxy subcomponents is 
robust to minor differences in PSF. In this case the photometry 
matches to within better than 10%. 

PSFs are a good match to the AO PSFs. For this reason, 
we convolve the HST images with the appropriate AO 
PSF, before measuring photometry of galaxy subcompo- 
nents. This is done by first resampling the HST images 
and the model PSFs to a 0.01" /pix pixel scale. After 
convolving, we resample the images to the pixel scale of 
the original AO images, 0.04" /pix. 

In order to test the validity of our model PSFs, we 
study their effect on the photometry of galaxy subcom- 
ponents. Figure [3] shows the photometry (from the HST 
images) of subcomponents (typically 0.2 — 0.5" radii re- 
gions) within one galaxy in our sample. Flux^i is the 
photometry after convolving with the model PSF. Flux^ 
is the photometry after convolving with an AO image 
of a high SNR star located near the galaxy (10" separa- 
tion). The star image should be a close approximation 
to the actual PSF at the galaxy position. Figure [3] shows 
that the photometry based on the model PSFs is robust. 
It matches, to within better than 10%, the photometry 
based on the "true" PSF for the galaxy subcomponents 
in all four HST bands. 

A summary of the AO observations, including coordi- 
nates, exposure times, and data quality, as given by the 
PSF fuU-width-half-max (FWHM), and Strehl ratio, is 
given in Table [TJ 

3. MORPHOLOGIES OF LIRGS AND GOMPARISON 
SAMPLE 



In this section we present the 5 high resolution images 
of each galaxy in our study. Figures H] - [8] show the 5- 
band images of the LIRGs. The images are 2.8" on a 
side. Color images of the LIRGs, created from the B, i, 
and K-hand images (blue, green, and red respectively), 
are also presented. Figures [9] - [12] show the comparison 
galaxies. 

In Sections 4 and 5 we will derive photometry from 
these images. Section 4 will provide global photome- 
try for each galaxy, from which we will derive physical 
properties such as absolute magnitude, rest-frame optical 
color, and stellar mass. Section 5 will present photom- 
etry of galaxy subcomponents. Figures [4] - [12] show the 
apertures used to measure the SEDs of the galaxy sub- 
components. For each galaxy three apertures are cen- 
tered on the nucleus (green apertures). These are used 
to measure the SEDs of the inner, middle and outer re- 
gions of the galaxy. Blue colored apertures are centered 
on blue knots. Likewise, red colored apertures are placed 
around red knots. Magenta colored apertures are placed 
around neighboring objects to see if they are consistent 
with minor merging or interacting objects. 

Detailed descriptions of the the morphological charac- 
teristics of each galaxy are given in Appendix A (LIRGs) 
and B (comparison galaxies). A summary of these char- 
acteristics and a discussion of the morphological differ- 
ences between the LIRG and normal samples is provided 
here. Visual morphological classifications are given in 
Table [1 

3.1. LIRG Morphology Summary 

The largest morphological class in our LIRG sample 
is disk galaxies, 66% (LIRGs 1, 3, 4, 6, 7, 8, 10, 11, 13, 
and 15) can be classified as disks. The LIRG disks gener- 
ally contain multiple, distributed blue knots suggestive of 
widespread active star formation. They also tend to har- 
bor very red central cores. Several of the LIRG disks may 
be undergoing some sort of interaction or minor merger. 
The most obvious examples are LIRGs 1, 13, and 15, 
33% of LIRG disks and 20% of the entire sample. 

At least one of the LIRG disks, LIRG 4, is a barred 
spiral. Bars can drive central star formation, and may 
be a trigger for LIRG events in disk galaxies. While not 
obviously barred systems, the if-band images of LIRGs 
3 and 6 and 13 show hints of linear structures in their 
cores. These will be examined more closely in Paper 3. 

While minor mergers and interactions may be con- 
tributing to the star formation of several LIRG disks, 
major mergers are not. Only one galaxy in our sample 
is consistent with a major merger, LIRG 2. In this case, 
the merger has destroyed any evidence of disk like mor- 
phology. It has also produced both star formation and 
AGN activity. LIRG 2 is a very strong x-ray source (see 
Table [2]). 

The second largest morphological class among the 15 
LIRGs in our sample is AGN dominated objects. These 
are galaxies with little evidence of major star formation, 
but with strong evidence for central AGN. LIRGs 9, 12, 
and 14 (20% of the entire LIRG sample) fall into this 
category. All three of these systems are detected in x- 
ra ys (see Table [2]), wit h LIRG 14 identified as a QSO 



bv'Szokol v et al.l(j2004l ) . Because these systems lack the 
multiple blue knots seen in the other LIRGs, we expect 
that most of the dust heating is occurring around the 
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Fig. 4. — B, V, i, z, (HST) and ii'-band (Keck AO) images of LIRGs 1-3. North is up, and East is to the left. HST images are shown at 
the same pixel scale as the AO image, and are shown before convolution with the AO PSF. The images are ~ 2.8" on a side. The bottom 
row of each set of 10 images is identical to the top row, but shows the apertures used for photometry of the subcomponents. LIRG 1 is a 
large spiral galaxy, possibly undergoing a minor merger. LIRG 2 is a major merger. LIRG 3 is at higher redshift (z = 1.08) and looks like 
a late type spiral. Color images (created with the B, i, and /f-band images) are also shown. 



central AGN. LIRGs 1 and 2 are also x-ray sources, and 
probably contain AGN, but their morphologies are dom- 
inated by multiple blue knots suggesting strong star for- 
mation. 

The one additional LIRG in our sample, LIRG 5, is 
a compact galaxy with several bright blue knots. Some 
authors have suggested that the luminous blue compact 
galaxies seen at interme diate redshi f ts, are dwarf systems 
undergoin g starbursts (iKoo et al.l Il995t iPhillips et al.l 
[1997; Guz man et al.lll997l e.g.l. Others have suggested 
that these galaxies a re actually mergers of large galaxies 
seen in mid- merger ([Hammer et al.ll2005D . In the later 



scenario, the high surface-brightness central cores are 
easy to observe, but the tidal features are low surface 
brightness and difhcult to detect. LIRG 5 does have a 
low surface brightness component surrounding the cen- 
tral core. This low-surface brightness component is most 
easily seen in the V, i, and z- bands. 

3.2. IR Morphologies of the LIRGs 

A unique aspect of our study over previous studies of 
intermediate redshift LIRGs is the inclusion of high spa- 
tial resolution IR imaging. IR wavebands are preferen- 
tially less affected by dust in comparison with bluer wave- 
bands. In the bluer wavebands, the LIRGs in our sam- 
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Fig. 5. — The same as Figure |4] only for LIRGs 4 
LIRG 5 appears to be a compact spiral galaxy. 



6. LIRGs 4 and 6 arc large spiral galaxies. LIRG 4 also contains a prominent bar. 



pie contain significant substructure. Most of the LIRGs 
contain one or more tight blue knots, presumably sites 
of recent star formation. LIRG 11 shows evidence of a 
dust lane. 

In the K-hand, however, these galaxies appear very 
smooth. The bright blue knots generally are not bright 
enough in the if -band to be detected at our flux levels. 
In addition, the if-band images do not reveal substruc- 
tures missed in the bluer images. Partly this is because 
the HST images are significantly deeper than the AO im- 
ages. But for point like sources, as the blue knots appear 
to be, AO shoul d greatly enhanc e sensitivity above the 
background (e.g. [Melbourne efl il. 2007a). For instance. 
Figure [H shows the AO image of LIRG 3 where we have 
placed model PSFs into the field. We can visually de- 
tect point-like structures as faint as K < 23.5 (Vega). 



Structures like these are not seen in our actual images. 

The blue knots that are seen in the optical are pre- 
sumably sites of significant and recent star formation, 
possibly containing multiple super star clusters (SSCs). 
The most luminous red stars found in SSCs are red super 
giants ( RSGs) with lu minosities as bright a Mj = — 10 
to —11 ()Davidgdl2006l ). Based on the lack of point-like 
sub-structure seen in the if-band, we can place an up- 
per limit on the number of RSGs in these star forming 
knots. Given the knot flux limit, K < 23.5, and the 
typical LIRG redshift, z ~ 0.8, these knots must contain 
fewer than 4000 RSGs. For comparison, the core of 30 
Doradus, a super star cluster in t he Large Magellanic 
Clou d, contains 30 RSGs (e.g. iMcGregor fc Hylandl 
Il981h . so each of the luminous blue knots probably con- 
tain fewer than 100 super star clusters. 
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Fig. 6. — Images of LIRGs 7-9. LIRGs 7 and 8 are spiral galaxies 
x-ray source. Its core is probably dominated by an AGN. 

3.3. Morphology of the Comparison Galaxies 

The "normal" (non-LIRG) galaxies in our sample ap- 
pear to be a mixture of irregulars and spirals. If the 
classifications are made in the bluer bands one would 
conclude that this set of galaxies is primarily Irr. But 
classifications in the redder bands suggest primarily disk 
like morphologies with red cores, similar to the majority 
of the LIRGs. As a result, the differences in star forma- 
tion between the "normals" and the LIRGs seem to be 
unrelated to morphology. 

To drive this point home we can look at those systems 
that appear to be disturbed (possibly from the result of a 
minor merger) in the LIRG and normal samples. While 
a third of the LIRGs appear to be undergoing an ob- 
vious merger (major or minor), at least that fraction if 



with very red central cores. LIRG 9 is a ring galaxy and a strong 

not more of the "normal" systems have disturbed optical 
morphologies. Examples of optically disturbed galaxies 
in the comparison sample include, 2, 3, 6, 8, 9, and 10, 
- 50%. In addition COMPGALs 4 and 7 have very blue 
nearby companions that may be disrupting their mor- 
phology. If we assume that the disturbed morphologies 
of the comparison sample are the result of minor mergers, 
then we must conclude minor mergers are not sufficient 
for the production of a LIRG event. 

4. GLOBAL PROPERTIES OF THE LIRG AND 
COMPARISON SAMPLE GALAXIES 

In the previous Section we demonstrated that morphol- 
ogy alone does not differentiate between LIRGs and non- 
LIRGs, and minor mergers are not a "sufficient" condi- 
tion for LIRG production. In this section we calculate 
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Fig. 7. — LIRGs 10 - 12. LIRGs 10 and 11 are 2 ~ 1 spiral galaxies. LIRG 11 is seen edge on. LIRG 12 is at lower redshift and dominated 
by a central bulge. LIRG 12 is also an x-ray source. As there is not strong evidence for star formation in this galaxy, a central AGN may 
be the dominant contributer to the IR luminosity of LIRG 12. 



and compare the global properties of each galaxy, i.e. ab- 
solute magnitude, rest-frame color, stellar mass, and IR 
luminosity. Global properties may shed more light on the 
differences between the LIRG and non-LIRG samples. 
These derived quantities are based on photometry of the 
high resolution HST and AO images, published photom- 
etry of the lower resolution mid-IR and x-ray images, and 
published photometric and spectroscopic redshifts. 

We measured the total magnitudes of the galaxies in 
the B, V, i, z and i^-band images in the following way. 
We first extracted postage stamp images of each galaxy. 
These images were 9" on a side, and all were resampled 
to the AO, 0.04" pixel scale. We created a white light 
image by summing the HST im ages. We ran the galaxy 
search algorithm Sextractor (|Bertin fc Arnoutsll 19961) 



on the white light images to create segmentation maps 
of the regions around each of our science targets. These 
maps identified any neighbor galaxies. We used the maps 
to mask out pixels from neighboring galaxies before mea- 
suring the magnitudes of the science targets. 

We performed curve of growth photometry on each 
LIRG and comparison galaxy. The photometry was was 
done with circular apertures of increasing size out to a 
radius of 4". All pixels associated with neighbors were 
masked out. An initial estimate of the sky was made from 
the median of pixels unassociated with galaxies. The 
sky value was iterated so that the light in successively 
larger apertures remained constant beyond the edge of 
the galaxy. 

Table [2] contains the results of the aperture photome- 
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Fig. 8.— LIRGs 13 ■ 
merger. 



15. LIRG 13 us a disk galaxy with a red core. LIRG 14 is a QSO. LIRG 15 has probably undergone a recent minor 



try (columns 3-7). We convert to absolute magnitude 
(column 8) and rest-frame color (column 9) us ing the 
iiT-corrections developed bv lWillmer et al.l ()2005D for the 
GOODS photome try. We use the conversion to stellar 
mass given m Bell etall(l2005l) and give the results in the 
column 10. The Table [5] also reports t he mid-IR 24^tm 
photo metry (column 11) as measured bv lLe Floc'h et all 
(I2005D and t he x-r ay photometry (column 12) given by 
iRosati et all (|2002f ). 

Figure [M] shows the color-magnitude diagram based 
on these measurements for the galaxies in our sample. 
The LIRGs are shown as circles and the "normal" (non- 
LIRG) galaxies are shown as triangles. We scale the size 
of points in the figure by stellar mass. For comparison 
we overplot (as small points) photom etry of 1000 galax - 
ies in the Team Keck Redshift Survey (jWirth et al.ll2004D 



of GOODS-N as measured bv 'Melbo urne et al.l ()2007bD . 
We see that that in general the LIRGs are more luminous 
and more massive than the comparison galaxies. The 
typical LIRG has an absolute i?-band magnitude brighter 
than Mb < ^21 [Vega]. None of the comparison galax- 
ies have a luminosity brighter than that limit. This lu- 
minosity division was an ticipated based on the results of 
iMelbourne et all (HoMi), which found that 70% of blue 
galaxies brighter than Mb = —21 are LIRGs regardless 
of redshift. The LIRGs are also typically higher stellar 
mass than the normal sample; AIlirg ^ lO^"'^ Mq vs. 

M„al ~ lO^-^ Mq. 

We find that the comparison sample is made up of 
two distinct color classes; 1) Red galaxies with typical 
stellar mass of IO^^Mq; and 2) Blue galaxies with typical 
masses of 10^'^ Mp^,. The LIRGs are more uniform in 
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Fig. 9. — COMPGALs 1-3. Most of the Comparison galaxies have irregular morphologies in the bluer bands and disk-like morphology 
in the the redder bands. 



color, clustering around the green valley that separates 
the blue cloud from the red sequence, {B — V) ~ 0.7 
[Vega] . T he one exception is th e very blue LIRG 14 which 
is a QSO (ISzokolv et al.ll20d^ . and not expected to have 
the colors of dusty star forming galaxies. The "green 
valley" colors of the LIRGs might indicate that they are 
a transition population between the blue cloud of star 
forming galaxies and the red sequence. 

5. PHOTOMETRY AND SEDS OF SUB-COMPONENTS 

Results from the previous section on global galaxy 
properties suggest that the intermediate redshift LIRGs 
are produced in high stellar mass systems, many of which 
are disk galaxies. Global properties, however, can not be 
used to identify where the star formation is occurring 
within those LIRGs. Is star formation centrally concen- 



trated as in the local LIRGs? Or, is it more smoothly dis- 
tributed, as in the normal disk galaxies of today? In this 
section we discuss the photometry and SEDs of galaxy 
sub-components, which may begin to address these ques- 
tions. We compare the SEDs of the LIRGs to stellar pop- 
ulations synthesis models and to the SEDs of the com- 
parison galaxies. In Paper 2 we will fit the SEDs of the 
bulge and disk components to stellar population synthe- 
sis models. Fitting is a more complicated task than the 
qualitative comparison we perform here. 

We measure the SEDs of galaxy sub-components with 
aperture photometry. For each galaxy, aperture posi- 
tions and shapes were set by eye. The apertures used 
are shown in Figures 2] - 1121 Green apertures are cen- 
tered on the galaxy core and used to measure the SEDs 
of the inner, middle, and outer portions of the galaxy. 
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Fig. 10.— COMPGALs 4 - 6. 



Blue apertures are centered on blue knots, red apertures 
on red knots, and magenta apertures on neighboring ob- 
jects. 

Photometry was measured on the AO PSF convolved 
images (see Section 2.4). Sky was set by the median of 
pixels unassociated with galaxies within a given frame. 
A summary of the photometry of the inner, middle, and 
outer regions of each galaxy is given in Table [3l 

As an example, we first examine the SEDs of the sub- 
components within LIRG 3. We chose LIRG 3 because 
it appears typical of the LIRG disks. Then we discuss 
the SEDs of the larger sample of LIRG and Comparison 
galaxies. 



5.1. The SED of LIRG 3 

Figure [13] shows the SEDs of the sub-components 
within LIRG 3. The SEDs are normahzed to the HST 
z-band image (roughly the center of the 5 pass-bands). 
The photometry of the inner, middle, and outer regions 
of LIRG 3 are shown as green circles of increasing size. 
The photometry of three blue knots are also shown (blue 
triangles). Over-plotted are Bruzual and Gharlot (2003) 
stellar population synthesis, single-burst models (or sin- 
gle stellar population, SSP, models) of different ages 
(blue is 7 Myr, green is 300 Myr, and red is 3 Gyr). 
The models contain no dust, have solar metallicity, a 
Chabrier initial mass function, and are normalized at 



14 



COMPGAL 7 











> 




it 








^^^^^^^^^ 










( 


:iOMPG.AL 8 




1 




* ■ 






w- 










1 

. ^ y 








COMPGAL () 






IT 










(0' 










Fig. 11.— COMPGALs 7 - 9. 



the same point as the galaxy photometry. Photometric 
uncertainties are about the size of the data points. 

This example is illustrative of the bulk of the LIRG 
photometry to be discussed later. First, lets examine the 
galaxy core (smallest green circle). The four optical HST 
bands are well matched to an intermediate aged popula- 
tion. However, the Keck AO IR data point is significantly 
redder than expected for an intermediate aged popula- 
tion. In contrast, the outer portion of the galaxy and 
the blue knots are consistent with a single model across 
all five bands. For instance the outer portion could be 
"fit" by an intermediate age population with an age of 
300 Myr (green line). The middle annulus of this galaxy 
has an SED that lies between the SEDs of the inner and 



outer portions. 

Why is the core of LIRG 3 significantly redder in the 
IR than might be expected from the optical? We exam- 
ine two scenarios, 1) multiple stellar populations, and 2) 
dust. One way to increase the ratio of IR to optical light 
is to have a significant population of old stars. The z and 
if -band photometry of the LIRG 3 core can be fit by an 
SSP model with an old age (e.g. 3 Gyr). But an old 
model does not fit the photometry in the bluer bands. A 
younger model fits the bluer bands, while an older model 
fits the redder bands. Therefore it is possible that some 
combination of old and young stars might produce the 
SED of the LIRG 3 core. 

One way to model a stellar population that contains 
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Fig. 12.— COMPGALs 10 - 11. 



TABLE 2 
Photometry Summary 



Object 


z 


B 


V 






K 


Mb 


B -V^ 


log(M0) 




LiR 




Morphology 






(AB) 


(AB) 


(AB) 


(AB) 


(Vega) 


(Vega) 


(Vega) 




(mJ) 


(Le) 






LIRG 1 


0.74 


23.17 


22.18 


21.17 


20.75 


19.60 


-21.36 


0.63 


10.62 


0.293 


2.05e-(-ll 


42.5 


Disk 


LIRG 2 


0.61 


21.74 


20.77 


19.90 


19.70 


18.58 


-22.04 


0.54 


10.74 


0.639 


3.12e-|-ll 


43.5 


Merger 


LIRG 3 


1.02 


23.19 


22.75 


21.91 


21.44 


20.73 


-21.79 


0.51 


10.58 


0.176 


2.97e-(-ll 




Disk? 


LIRG 4 


1.10 


24.31 


23.17 


21.80 


20.92 


19.32 


-22.58 


0.79 


11.38 


0.136 


3.19e-|-ll 




Disk 


LIRG 5 


1.08 


24.95 


23.71 


22.62 


21.92 


20.48 


-21.49 


0.71 


10.81 


0.223 


5.220+11 




Compact 


LIRG 6 


0.84 


23.00 


22.38 


21.48 


21.20 


20.67 


-21.46 


0.49 


10.41 


0.172 


1.550-1-11 




Disk 


LIRG 7 


1.04 


24.73 


23.53 


22.46 


21.70 


20.41 


-21.56 


0.73 


10.87 


0.167 


3.07e-(-ll 




Disk 


LIRG 8 


1.26 


24.26 


23.86 


23.24 


22.52 


21.38 


-21.61 


0.60 


10.67 


0.227 


1.790-1-11 




Disk 


LIRG 9 


1.22 


23.46 


22.85 


22.23 


21.72 


20.69 


-22.13 


0.53 


10.76 


0.159 


6.860-1-11 


43.9 


Compact/Disk? 


LIRG 10 


1.00 


23.92 


22.87 


21.79 


21.16 


19.92 


-21.99 


0.67 


10.94 


0.329 


5.790-1-11 




Disk 


LIRG 11 


0.95 


25.86 


24.37 


22.96 


22.50 


20.82 


-20.49 


0.63 


10.28 


0.102 


1.140-1-11 




Disk 


LIRG 12 


0.55 


24.50 


22.97 


21.91 


21.69 


20.79 


-19.58 


0.68 


10.00 


0.504 


1.890-1-11 


42.2 


Disk? 


LIRG 13 


0.89 


23.39 


22.82 


21.93 


21.46 


20.70 


-21.30 


0.56 


10.48 


0.194 


1.960-1-11 




Disk 


LIRG 14 


0.84 


20.88 


20.47 


20.57 


20.33 


19.82 


-22.37 


0.22 


10.33 


0.560 


5.670-1-11 


44.1 


QSO 


LIRG 15 


0.65 


22.70 


21.85 


21.08 


20.84 


20.27 


-21.07 


0.50 


10.28 


0.228 


1.440-1-11 




Disk 


COMP 1 


0.42 


22.65 


21.75 


21.28 


21.11 


20.56 


-19.74 


0.40 


9.59 








Disk 


COMP 2 


0.67 


22.81 


22.44 


21.85 


21.70 


21.44 


-20.39 


0.34 


9.74 


0.045 


3.24o-(-10 




Disk/Merger? 


COMP 3 


0.44 


22.48 


21.67 


21.26 


21.07 


20.72 


-19.93 


0.36 


9.59 








Disk 


COMP 4 


0.50 


24.72 


22.95 


21.98 


21.51 


20.23 


-19.23 


0.76 


9.99 


0.116 


3.33O-I-10 




Disk 


COMP 5 


0.73 


25.54 


23.44 


22.12 


21.68 


20.26 


-20.38 


0.80 


10.52 








Disk/ Compact 


COMP 6 


0.42 


23.06 


22.17 


21.72 


21.56 


21.25 


-19.31 


0.39 


9.39 








Disk 


COMP 7 


0.77 


26.69 


24.59 
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Fig. 13. — This figure shows the AO image of LIRG 3. In each 
panel we have embedded a model PSF to mimic a star forming 
region. From left to right, the apparent magnitude of these model 
PSFs vary from K' = 23 — 24 (Vega). While we can easily detect 
point-like structures that are brighter than K' = 23.5, we do not 
find any structures like this in the actual AO images of the LIRGs. 
This places a limit on the numbers of red super giant (RSG) stars 
within the knots that are seen at blue wavelengths. These knots 
must contain fewer than ~ 4000 RSGs (for a 2 = 0.8 galaxy.) 
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Fig. 14. — The Color-Magnitude diagram (Vega mags) for the 
LIRGs (circles) and the "normal" (triangles) galaxies. The size of 
the points is proportional to the stellar mass. The small points 
are the photometry of 1000 galaxies in GOODS-N as measured 
by IMelbourne et ai.l l(2007b). We see that while the LIRGs tend 
to congregate in the "green valley" between the "red sequence" 
and "blue cloud" , the comparison sample is bimodal in color. The 
LIRGs also tend to higher luminosities and larger stellar masses. 
Most of the LIRGs are brighter than Mg < —21, whereas none of 
the comparison galaxies are that bright. 

both old and young stars is with "tau" models with ex- 
ponentially declining star formation rates. Figure [TBI re- 
plots the photometry of LIRG 3 on top of tau models 
with an e-folding time r = 1 Gyr, seen at various dif- 
ferent ages. While none of the plotted models exactly 
reproduce the photometry of the core, the model that is 
3 Gyr old (reasonable age for the redshift of this galaxy. 



z — 1.0) comes much closer than the SSP models shown 
in the previous figure. 

A second scenario for producing redder colors involves 
dust. Dust preferentially obscures blue light over red 
light. Therefore dust alone can produce an effect similar 
to that seen in the SED of the core of LIRG 3. Fig- 
ure [T7] shows the photometry of LIRG 3 over-layed with 
single burst models with an age of 50 Myr and dif ferent 
amounts of dust. We use the lCharlot fc Falll (|2000| ) dust 
model provided with the Bruzual and Chariot code. If 
we assume that the light from the core of LIRG 3 is dom- 
inated by young stars (50 Myr in this case) then the core 
must be highly dust obscured. A reasonable dust model 
for the core of LIRG 3 has an optical depth t ^ 7. (Note: 
optical depth r, should not be confused with tau star 
formation models.) As LIRGs are expected to contain 
significant amounts of dust, this might be a reasonable 
model for the core. If the core contains both dusty young 
stars and old stars, then the amount of dust necessary to 
produce the red colors within the core declines. 

Again the goal of this paper is not to "fit" for the best 
models in each case but rather to discuss the broader 
trends seen in the SEDs of the LIRGs, and compare them 
with models and the SEDs of the "normal" sample. The 
next section will present the full set of SEDs and discuss 
these broader trends. 

5.2. SEDs of the LIRGs and "Normal" Galaxies 

SEDs of the additional LIRGs and "normal" galaxies 
are shown in Figures [TSl - HTJ Just as with Figure [T51 
IBruzual fc CharlotI ([20031) SSP models are over-plotted 
for reference. The trend of redder cores and bluer outer 
regions seen in LIRG 3 is repeated in most of the LIRGs 
(LIRGs 1, 3, 4, 5, 6, 8, 10, 11, 13, and 15) 66% of the 
sample, and 90% of the LIRG disks. In addition, just as 
with LIRG 3, the optical colors of the cores indicate one 
type of stellar population while the IR colors indicate a 
different model. Absent dust, the IR photometry always 
would suggest the presence of older stars. However, as 
with LIRG 3 this is not the most likely model in all cases. 
In fact LIRGs 1, 4, 11, and 12 have IR colors that are 
redder than any SSP model would allow. This comes as 
no surprise for LIRG 11 which is an edge on spiral with 
an obvious dust lane. 

Because LIRGs are known to contain large amounts 
of dust we expect that the unusual combination of blue 
in the optical and red in the IR is at least partially the 
result of dust. The sub-component that most exemplifies 
this phenomena is the core, but it is also often evident in 
the middle and outer annuli as well. In Paper 2 we will 
attempt to quantify the amounts of dust in the cores in 
these systems. 

The SEDs of the AGN dominated LIRGs behave dif- 
ferently from the SEDs of the star formation dominated 
LIRGs. For instance LIRG 14, a QSO, has a very blue 
SED across all five bands. LIRG 9 another AGN dom- 
inated system has an almost flat SED across the five 
bands. LIRG 2, a major merger, with a powerful AGN 
is more like the LIRGs discussed above, presumably be- 
cause i ts photometry is domin ated by star formation. 
In fact IMelbourne et al.l (|2005bf ) demonstrated that the 
AGN of this system is likely very dust obscured and much 
of the light we are receiving is likely to be from the dusty 
starburst. 
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LIRG 3 SSP Models 
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Fig. 15. — SEDs of sub-components within LIRG 3, normalized in the observed 2;-band. The photometry shown on these plots is 
from regions illustrated in Figure |4] Green circles show the photometry of the main galaxy. The smallest circle is the photometry of the 
galaxy core. The intermediate sized circle shows the photometry from an annulus around the core. The largest circle gives the photometry 
from the outer portions of each galaxy. The triangles represent photometry of substructures, such as blue knots (blue triangles), red 
knots (red tr iangles), and neighboring objects (magenta triangles). Over-plotted are galaxy stellar population synthesis models from 
IBruzual fc C hariot (2003). All three models are single burst models (single stellar population, SSP, models) of differing ages. The models 
have solar metallicity and a Chabric r initial mass function. The Blue model has an age of 7 Myr, the green, an age of 300 Myr, and the 
red an age of 3 Gyr. Figures |18I - 1211 will have the same format as this figure. 

Tau model t = 1000 Myr SSP model with dust, model age = 50 Myr 
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Fig. 16. — Similar to Figure [15] only instead of SSP models, 
we plot models with exponentially declining star formation. These 
tau models have an e-folding time of r = 1 Gyr. We plot multiple 
models each with a different age. While the SED of the LIRG 3 
core does not fit one of these models, the model that is 3 Gyr old 
fits much better than an SSP model. 

In contrast with the LIRGs, half of SEDs of the "nor- 
mal" galaxies appear to be consistent with an SSP. For 
instance COMPGALs 2, 3, and 6 are consistent with in- 
termediate aged populations. While COMPGALs 5 and 
11 are consistent with older stellar populations. The 
remaining 6 systems appear to be more complicated. 
COMPGALs 1, 8, 9, and 10 are blue but likely contain 
some dusty star formation in their cores. Based on the 
morphologies of these 4 systems, dusty cores are not sur- 
prising. The outer regions of these systems tend to be 
consistent with intermediate aged populations. COMP- 



FlG. 17. — Similar to Figure ll5l onlv now the single burst models 
all have an age of 50 Myr, and the optical depth of dust changes. 
Models plotted with bluer colors have less dust, while models with 
redder colors have more dust. The core of the galaxy has an SED 
consistent with a single burst model of 50 Myr and a dust optical 
depth of T = 7. Because LIRGs are known to contain large amounts 
of dust, this model is reasonable for the galaxy core. 

GALs 4 and 7 are red and also may have some dust. 
These two systems are actually detected in the MIPS 
image below the LIRG level. Interestingly COMPGALs 
4 and 7 lie in a post starburst region on the red sequence 
of the CMD. 

In summary, the SEDs of the non-AGN dominated 
LIRGs are more likely to show evidence of recent dusty 
star formation, while the comparison sample is more 
likely to show evidence for intermediate aged stellar pop- 
ulations and/or less dusty star formation. 
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Fig. 18. — Same as Figure [TSl only now for SEDs of LIRGs 1-9. 
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Fig. 19.— SEDs of LIRGs 10 - 15. 
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Fig. 20.— Same as Figure [TSl only now for SEDs of COMPGALs 1 - 6. 



6. DISCUSSION 

One of the real surprises of the recent infrared space 
missions, ISO and Spitzer, has been the discovery of 
evolution in the morphology of the most actively star 
forming galaxies. In the local universe LIRGs are domi- 
nated by interacting and merging systems (Ishida 2004) , 
and the rare loca l LIRG disks are uniformly barred 
(jWang et al.ll2006[ ). A t z = 1, the LIRGs are predomi- 
nantly spiral systems (jBell et al.l [20051 : [Melbourne et al.l 
l2005at[Lotz et all2006( l. with only small fraction s howing 
evide nce for major mergers or central bars ( Zhen g at al.l 
|2005( ). This has raised the question of what is driving 
the elevated star formation in the L IRG disks. Is it mi - 
nor mergers? Is it bars hidden in the lZheng et al.l ()2005f ) 
optical images by dust? Is it long distance interactions? 
Or is it purely that disk galaxies have higher gas content 
at z = 1 compared with today and therefore can sustain 
higher star formation rates? 

By comparing high-resolution images of LIRG and 
non-LIRG systems at intermediate redshifts, our paper 



begins to address these questions. Interestingly, it ap- 
pears that the different star formation levels in these two 
samples are unrelated to morphology. For instance, while 
30% of our LIRG sample show some evidence for a ma- 
jor or minor merger, the "normal" sample has as high or 
higher fraction of disturbed optical morphologies sugges- 
tive of recent interactions. This indicates that while mi- 
nor mergers may contribute to the formation of LIRGs, 
they are not a sufficient condition for the production of 
a LIRG. 

Likewise, our data suggest the bars are neither a nec- 
essary nor sufficient condition for the production of in- 
termediate r edshif t LIRG disks. In the local universe, 
I Wang et al.l (|2006t) found that LIRG disk galaxies are 
uniformly barred. ISheth et"al] (j2007, ). however, showed 
that the bar fraction in di sk galaxies d e clines by a factor 
of - 3 out to z - 0.8, andlZhengj;t al.' (20051) found bars 
to be rare in intermediate redshift LIRGs. Several fac- 
tors may be contributing to the Zheng et al. result. First, 
the dusty nature of the LIRGs will tend to obscure the 
central regions of a galaxy where bars may reside. Sec- 
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Fig. 21.— SEDs of COMPGALs 7 - 11. 

ond, bars may contain significant numbers of older stars 
more easily seen in redder w a veleng ths. Our paper has 
improved on the iZheng et al.1 ()2005( ) data set, by includ- 
ing the high resolution near-IR images, which are both 
less sensitive to dust, and more sensitive to older stars. 
Despite this, only one of our systems (10% of the LIRG 
disks) contains a prominent bar, and that bar is visible 
in the optical wavebands as well. In addition to this sys- 
tem, the if-band images reveal small (< 0.5") potential 
bars in the cores of three more LIRGs. These will be 
examined further in Paper 3. Even if we include these 
systems, bared systems only make up about 40% of our 
LIRG disk sample. Among the "normal" (non-LIRG) 
systems there are no obvious barred systems. However, 
several, 30%, contain very small linear features in their 
cores similar to the potential bars seen in the LIRGs. As 
with the minor mergers, this suggests that bars are not 
a sufficient condition to produce the excess star forma- 
tion seen in the LIRGs. Between the Zheng et al. result 
and our own, we are finding strong evidence for a lack of 
prominent bars in intermediate redshift LIRGs, a clear 



change from the local universe. 

While morphology alone can not explain the elevated 
star formation in intermediate redshift LIRGs, it appears 
that global properties, such as stellar mass, play a sig- 
nificant role. The comparison sample galaxies are mea- 
sured to have, on average, an order of magnitude lower 
stellar mass. They are also generally 1-2 magnitudes 
fainter than the LIRGs (in Mb)- This is true despite the 
fact that the selection criteria, proximity to a guide star, 
strong detection in the K-hand, and non-elliptical mor- 
phology, should select for any massive non-LIRGs as well. 
While we caution that our sample is small, and derived 
from a tiny area of the sky, it may be that massive non- 
LIRG disk galaxies are less common than massive LIRG 
disks at these redshifts. Interestingly the two most mas- 
sive non-LIRG galaxies in our sample happen to be on 
the red sequence and presumably are no longer forming 
stars at very high rates. It is possible the LIRGs fade 
into this portion of the CMD. While this is a possible 
evolutionary path, we stress that our study only encom- 
passes a very small volume of the sky, so any conclusions 
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dependent on number densities of systems will have to 
be verified with much larger samples. While we demon- 
strated that minor mergers are not a sufficient condition 
for the production of a LIRG disk, it is possible that 
minor mergers in massive disks are important. 

It is also possible that interactions at larg e distance 
play a role. For instance, lElbaz et"aLl (|2007D looked at 
the influence of environment on star formation rate den- 
sity at z = 1. They compared a local sample of galaxies 
from Sloan with a z = 1 sample in GOODS, and found 
that while the star formation rate density declines with 
mass density in the local universe, it increases with mass 
density at z = 1. Even more telhng lElbaz et all (|2007l ) 
showed an example of a proto-cluster at z = 1. It was 
made up of three galaxy groups each with several LIRGs 
near their centers. Their work is a strong indication that 
large scale structure and environment are playing a role 

in the elevated star formation of the LIRG s. Despite 

the high density environments, lElbaz et al.l (|2007f ) reit- 
erate that major mergers are not the primary cause of 
the elevated star formation in the LIRGs. Just as with 
the previous studies, the majority of their z = 1 LIRGs, 
including those in the proto-cluster, are disk galaxies. 
As with previous authors, they speculate that the high 
star formation rates may be related to minor mergers or 
higher gas densities within the disks. 

Another approach to solving the nature of the LIRGs 
is to examine SEDs. Much of the prior work on SEDs 
of intermediate redshift LIRGs has focuss ed on global 

f)perties. A very interesting result from ' Zheng et al.l 
)07) showed that the mid-far IR SEDs of the inter- 
mediate redshift LIRGs are consistent with lower dust 
temperature than than for low redshift LIRGs. They in- 
terpret this in terms of the morphology results now well 
established. They suggest that because the intermedi- 
ate redshift LIRGs are primarily disk galaxies, they are 
less likely to be undergoing central star bursts. Rather 
they will have more distributed star formation with lower 
overall gas densities and temperatures. In contrast the 
local LIRGs, dominated by mergers, show significant cen- 
tral star bursts with higher gas densities and tempera- 
tures. 

These high gas densities have been shown in studies 
on low redshift LIRGs and ULIRGs, where high spatial 
resolution is easier to achieve even a t longer wavelengths. 
For instance Craw ford et al.l ()1996t ) showed that the ra- 
dio emission from ULIRGs tends to be compact and best 
modeled by a nuclear star burst. In contrast, less en- 
ergetic galaxies with Ljiy. < lO^^L© have diffuse radio 
emission. At millimeter wavelengths, LIRGs are found 
to be extremely rich in molecular gas with centra l den- 
sities similar to giant molecular clouds ()Gacilll997l ). CO 
measurements of low redshift LIRGs show that 40-100% 
of the CO luminosity is co ntained within t he central kpc 
Sanders fc Mirabe]|ll996 |). In the optical. 'H attori et al.l 
2004D obtained Ha imaging of 22 local LIRGs. They 



found a range of concentrations, with disturbed systems 
typically more concentrated. All of these studies indi- 
cate that star formation is centrally concentrated in lo- 
cal LIRGs, especially for the morphologically disturbed 
sample. 

Bec ause they were measuring global SEDs lZheng et ahl 
(|2007f ) were not able to verify the hypothesis of dis- 
tributed star formation in the intermediate redshift 



LIRG disks directly. We, however, have measured SEDs 
on a 1-2 kpc scale and can begin to address this problem. 
The optical to IR SEDs in our study do show distributed, 
dusty star formation in all of the LIRG disks. At the 
same time, the SEDs of the cores are also best explained 
by dusty star formation. In fact, the SEDs suggest that 
the dust may be most concentrated in the cores. In other 
words the LIRGs appear to be both forming stars in their 
disks and undergoing dusty central star formation. We 
caution that we have yet to fit for the best stellar popula- 
tion model. A combination of older stars and dusty star 
formation would reduce the amount of dust necessary to 
produce the red colors within the LIRG cores. Paper two 
will attempt to quantify the general trends identified in 
this paper, and estimate the fraction of star formation 
occurring in the cores vs. the disks. In contrast with the 
LIRGs, central dusty star formation is only about half as 
likely in the "normal" (non-LIRG) sample. 

The morphological evolution of the LIRGs appears to 
have had an effect on the sites of star formation. In 
the local universe the LIRGs are dominated by mergers 
and star formation tends to be centrally concentrated. 
At intermediate redshifts the LIRGs are dominated by 
disks and star formation is both distributed throughout 
the disks, and occurring within the cores. It remains 
to be seen which component is contributing more to the 
overall star formation of the intermediate redshift LIRGs, 
the disk or the core. 

7. SUMMARY 

We presented high spatial resolution near-infrared im- 
ages of 15 intermediate redshift LIRGs and 11 compar- 
ison galaxies. The comparison sample was chosen to be 
non-ellipticals with the same apparent if-band magni- 
tude limit as the LIRG sample. The images were ob- 
tained with the Keck Laser Guide Star Adaptive Op- 
tics Facility at the W.M. Keck Observatory, as part of 
the Center for Adaptive Optics Treasury Survey (CATS). 
The images have a PSF FWHM of - 0.1", and resolve 
features on the 1-2 kpc scale. The sample is located in 
the GOODS-S southern region, allowing us to measure 
SEDs of galaxy sub-components across the 4 optical HST 
bands from GOODS and the additional Keck AO K' im- 
age from CATS. 

Morphologically the LIRG sample is dominated by 
large spiral galaxies with typical stellar masses of M = 
10^° - 10" Mq. While the optical (rest-frame blue to 
UV) images contain significant point-like substructures, 
presumably star forming regions, the near-IR AO images 
tend to be smooth. In fact, the AO images place limits 
on the numbers of red super giant stars within these blue 
knots, at less then 4000 RSGs. 

The comparison sample tends to show irregular mor- 
phology in the optical bands, and typically disk-like mor- 
phology in the K-hand. The comparison sample also 
tends to be at lower stellar mass than the LIRG sample 
M ~ 10^-^ Mq. 

About 30% of the LIRG sample shows evidence for ma- 
jor or minor mergers. The disturbed optical morpholo- 
gies of the comparison sample suggest that they might be 
experiencing a similar or higher rate of minor mergers or 
interactions. This indicates that minor mergers are not 
a sufficient condition for igniting a LIRG event. Minor 
mergers within massive disk galaxies, however, may be 
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TABLE 3 

Photometry (Apparent Magnitudes [AB]) of Galaxy Sub-components 







Inner Core 






Middle Annulus 






Outer Annulus 




Galaxy 


B 


V i z 


K 


B 


V i z 


K 


B 


V i z 


K 



LIRG 1 
LIRG 2 
LIRG 3 
LIRG 4 
LIRG 5 
LIRG 6 
LIRG 7 
LIRG 8 
LIRG 9 
LIRG 10 
LIRG 11 
LIRG 12 
LIRG 13 
LIRG 14 
LIRG 15 
GOMP 1 
COMP 2 
GOMP 3 
COMP 4 
COMP 5 
COMP 6 
COMP 7 
COMP 8 
COMP 9 
COMP 10 
COMP 11 



26.68 
23.19 
26.80 
27.46 
28.23 
26.49 
26.40 
26.33 
25.33 
25.96 
28.34 
26.48 
27.34 
21.74 
24.89 
25.75 
24.91 
25.52 
27.19 
28.19 
26.11 
28.22 
25.83 
25.18 
25.56 
26.48 



25.15 
22.44 
26.14 
26.06 
26.95 
25.70 
25.55 
25.83 
24.30 
25.07 
26.99 
25.44 
26.39 
21.33 
23.96 
24.63 
24.46 
24.72 
25.40 
26.35 
24.95 
26.70 
25.30 
24.53 
24.52 
25.24 



23.82 
21.75 
25.25 
24.57 
25.67 
24.65 
24.65 
25.05 
23.75 
24.07 
25.53 
24.38 
25.20 
21.48 
23.08 
24.03 
23.83 
24.29 
24.25 
24.87 
24.41 
25.20 
24.58 
23.87 
23.97 
24.17 



23.19 
21.69 
24.70 
23.66 
24.92 
24.29 
23.95 
24.45 
23.57 
23.48 
24.94 
24.31 
24.58 
21.38 
22.77 
23.78 
23.72 
24.12 
23.75 
24.43 
24.21 
24.59 
24.40 
23.75 
23.79 
23.82 



21.71 
20.51 
23.34 
21.55 
23.27 
23.12 
22.45 
22.98 
22.31 
22.03 
22.57 
22.71 
23.01 
20.53 
21.77 
22.84 
23.47 
23.67 
22.14 
23.07 
24.05 
22.25 
23.64 
23.05 
23.09 
22.78 



25.72 
23.09 
24.72 
26.58 
26.26 
23.83 
25.29 
25.60 
25.17 
24.71 
26.13 
25.03 
25.23 
22.34 
23.17 
23.89 
23.44 
23.70 
25.83 
26.38 
24.15 
26.77 
24.70 
23.53 
23.78 
25.20 



24.52 
22.32 
24.22 
25.25 
25.18 
23.24 
24.41 
25.22 
24.37 
23.78 
25.17 
24.00 
24.50 
21.93 
22.41 
22.94 
23.10 
22.90 
24.34 
24.88 
23.21 
25.37 
24.27 
23.02 
23.02 
24.04 



23.27 
21.56 
23.41 
23.79 
24.01 
22.30 
23.41 
24.56 
23.75 
22.75 
23.84 
22.97 
23.51 
21.97 
21.67 
22.43 
22.55 
22.46 
23.29 
23.49 
22.76 
23.93 
23.63 
22.39 
22.60 
23.04 



22.74 
21.42 
22.89 
22.86 
23.29 
22.00 
22.67 
23.90 
23.22 
22.16 
23.34 
22.79 
22.97 
21.68 
21.43 
22.19 
22.40 
22.27 
22.83 
23.06 
22.57 
23.36 
23.42 
22.23 
22.43 
22.67 



21.26 
20.42 
22.05 
21.06 
21.70 
21.47 
21.32 
22.81 
22.03 
20.89 
21.51 
21.81 
21.83 
21.25 
20.85 
21.67 
22.43 
21.93 
21.43 
21.86 
22.45 
21.71 
22.96 
22.06 
22.07 
21.74 



23.96 
23.24 
23.56 
24.62 
25.62 
23.60 
25.58 
24.87 
24.43 
24.60 
25.37 
24.99 
23.89 
22.70 
24.40 
23.27 
24.41 
23.10 
25.23 
26.15 
23.86 
26.48 
23.92 
23.67 
24.25 
25.67 



23.06 
22.29 
23.19 
23.78 
24.81 
23.15 
24.97 
24.58 
23.95 
23.89 
24.94 
24.05 
23.46 
22.30 
23.63 
22.50 
24.09 
22.38 
23.99 
24.83 
23.17 
25.82 
23.61 
23.26 
23.55 
24.55 



22.03 
21.41 
22.40 
22.44 
23.72 
22.25 
23.79 
23.96 
23.34 
22.84 
23.88 
23.07 
22.66 
22.29 
22.85 
22.05 
23.39 
21.96 
23.05 
23.50 
22.75 
24.69 
23.09 
22.65 
23.09 
23.49 



21.64 
21.13 
21.93 
21.56 
23.01 
21.94 
22.99 
23.28 
22.76 
22.18 
23.38 
22.80 
22.22 
21.97 
22.57 
21.85 
23.16 
21.76 
22.64 
23.04 
22.56 
24.10 
22.90 
22.41 
22.88 
23.10 



20.56 
20.17 
21.66 
20.25 
21.80 
22.88 
22.15 
22.83 
21.79 
21.13 
22.83 
22.59 
21.65 
22.32 
22.31 
21.79 
25.60 
21.71 
21.62 
21.97 
23.84 
23.32 
22.90 

23.37 
22.26 



important. 

While the LIRG sample contains a high fraction of 
disk-like systems (66%), only one (10% of the disks) con- 
tains a obvious strong bar. Three additional LIRG disks 
contain a small linear feature in their cores, visible in the 
K-hand image. Even if these structures are true bars, the 
fraction of disks with bars is only 40%, far rarer than in 
low re dshift LIRG disks where the fraction is close to 
100% (IWang et al.l(200l . 

In addition to studying morphologies, we measured the 
SEDs of galaxy sub-components. We find that the SEDs 
of 80% of the LIRGs are consistent with dusty ongo- 
ing star formation. The remainder appear to be dom- 
inated by AGN light. While we find evidence for spa- 
tially distributed star formation especially for the LIRG 
disk galaxies, we also show that the cores are likely to 
be sites of very dusty star formation. More work needs 
to be done to quantify the fraction of star formation and 
dust in both core and disk components. In contrast, only 
half of the comparison sample shows evidence for dusty 
star formation. Even for the comparison galaxies that 
contain some dust, the outer regions usually appear to 
be relatively dust free. 

Locally LIRGs have been sh own to have very concen- 
trated central star formation (jSanders &: Mirabeilll996l ) 
usually because of a recent merger or interaction. The 
results of our work are preliminary but suggest that star 
formation is more smoothly distributed in intermediate 
redshift LIRG disks. This type of star formation might 
be similar to the self regulated star formation seen in lo- 
cal disk galaxies (such as the Milky Way), but at 10 - 20 



times higher rates. 
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APPENDIX 

MORPHOLOGIES OF THE LIRGS 

Figures [3] - [5] show the 5-band images of the LIRGs. The images are 2.8" on a side. Color images of the LIRGs are 
also presented. They were created from the B, i, and K-hand images (blue, green, and red respectively.) 
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LIRG 1 

LIRG 1 is a 2; = 0.73 disk galaxy. The HST images show well defined spiral structure. A red core, not seen in the 
B-band image, is prominent at longer wavelengths and dominates the light in the ii'-band. The B-image shows several 
compact knots that also appear in the y,i, and z-band images. Aside from the prominent core, the if-band image 
appears to be devoid of substructure. While this is a disk dominated galaxy, it may be undergoing a minor merger. 
A linear feature to the northwest may be the result of infalling material. A similar structure is seen to the southeast. 
This system is an x-ray source. If there is an AGN in the nucleus, it may be contributing to the IR luminosity. 

LIRG 2 

LIRG 2, first studied in Melbourne et al. (2005), is a 2; = 0.6 major merger. The morphology includes a concentrated 
central galaxy, as well as a prominent linear feature extending to the NE. This linear feature is aligned with a secondary 
core to the SW of the main galaxy. The secondary core is clearly seen across all wavebands, which may indicate the 
presence of an Active Galactic Nucleus. The colors of the linear feature are consistent with star formation. 

LIRG 3 

At first glance, LIRG 3 (2; = 1.02) appears to be a collection of star forming knots, with little underlying structure. 

However, the z-band image reveals an underlying stellar disk, while the K-hanA, is dominated by a red central core 
that might contain a small (2.5 kpc diameter) horizontal bar. The blue knots do not appear in the if-band image. 

LIRG 4 

This z = 1.10 LIRG shows tenuous spiral arms in the V, i, and z band images. This spiral structure does not 
appear in the lower SNR B and X-band images. The spiral arms emerge from a bar that is prominent in the redder 
wavebands. The core is luminous in both the red and blue bands, possibly an indication of dusty star formation. 

LIRG 5 

LIRG 5, z = 1.08, is a compact source with a complicated nuclear structure composed of a central nucleus and 2-3 
blue knots. Diffuse emission appears to the south of the main galaxy, especially in the y-band image. The K-haad 
image is dominated by the nucleus. The galaxy is elongated in the NE-SW direction in all bands. 

LIRG 6 

LIRG 6 is a 2; = 0.78 disk galaxy with strong blue spiral arms. The if-band image shows a bar-like linear feature in 
the N-S direction. The core appears under-luminous in the S-band image suggesting dust. 

LIRG 7 

LIRG 7isaz = 1.01 spiral galaxy. The nucleus is very bright across all wavebands. Several knots appear in the 
optical bands within the spiral arms. The lower SNR JsT-band image does not show knots or spiral arms. 

LIRG 8 

LIRG 8 is similar to LIRG 7. It is a 1.2 spiral galaxy with a bright nucleus across all wavebands. It contains several 
blue knots in the disk. The i^-band image is smooth and shows no sign of the blue knots. 

LIRG 9 

LIRG 9, at 2 = 0.37 is dominated by a luminous, possibly unresolved core, indicative of an AGN. This galaxy is a 
strong x-ray source suggesting that the core is dominated by AGN light. The lack of significant blue star forming knots 
also suggests that the AGN may be the primary source of the IR luminosity in this system. The core is surrounded 
by a blue ring. The i^-band image appears relatively free of sub-structure aside from the core. 

LIRG 10 

Another compact spiral galaxy with a red core, LIRG 10 has a redshift of 2 = 1.002. According to the photometric 
redshifts from COMBO-17, the irregular galaxy to the NE has a redshift of z = 0.91. Therefore it may or may not 
be associated with the LIRG. Despite this the LIRG may still be undergoing a minor merger. There is a blue arc to 
the SE that does not seem associated with the rest of the spiral structures but does look like it is merging with the 
system. Other than the luminous core, the JiT-band image does not show signs of substructure. 

LIRG 11 

LIRG 11 is an edge on spiral galaxy at z = 0.95. The V , i, and z-band images show a dust lane across the core. 
The K-hand image of the core does not appear to be affected by the dust lane. The galaxy is almost invisible in the 
B-band image. 
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LIRG 12 

At first glance this galaxy [z ~ 0.55) looks like a very compact, centrally concentrated galaxy across all five bands. 
However, at fainter flux levels there appears to be a very extended low surface brightness disk component in the N-S 
direction. This is the only LIRG in our sample that might contain K-h&nA substructure not prominent in the other 
bands. A small red knot appears just above the central core in the i^-band image. This galaxy is also an x-ray source. 
The central AGN may be the main source of IR luminosity in this system as it also appears to be free of prominent 
blue star forming regions. 

LIRG 13 

This z — 0.89, disk galaxy has a very red core surrounded by a series of bright blue knots. The if-band image of 
shows a warped linear feature running from the SE to the NW, along the semi major axis of the galaxy. This galaxy 
may be experiencing a minor merger. There is a very blue companion to the NW of the galaxy. 

LIRG U 

LIRG 14 is a z=0.84 QSO and therefore is different from the other galaxies in the sample. It appears as an unresolved 
point source in all 5 bands. There is no evidence in these images for an underlying galaxy. 

LIRG 15 

The morphology of LIRG 15 (z = 0.65) is dominated by a ring of luminous blue knots. The primary core is red but 
is off-center from the rest of the galaxy. To the NW of the red core is a bluer knot. Finally a blue tail trails off in the 
southward direction at the SW corner of the galaxy indicating recent merger activity. 

MORPHOLOGIES OF THE COMPARISON SAMPLE 
Figures [9l - fT2l show the 5-band images of the "normal" galaxies. 

COMPGAL 1 

COMPGAL 1 is an inclined disk galaxy at z = 0.42. It contains a very blue arc to the W of the nucleus. At the 
southern tip of the blue arc is a very blue, luminous knot. A red knot of similar size is located to the SE of the core. 
The core of the galaxy is very red, and is the only structure seen in the if -band image. 

COMPGAL 2 

At z = 0.67, COMPGAL 2 is a compact disk galaxy with blue southern and northern arcs. It also contains two blue 
knots, one associated with each arc. The core of the galaxy is redder than the arcs, but the if -band image is not as 
nucleated as the other bands, implying the lack of a significant bulge population. 

COMPGAL 3 

COMPGAL 3 is a z = 0.44 irregular galaxy. Its central region is dominated by a linear feature that runs NE to SW. 
This feature is visible in all bands although is very faint in the if-band image. A set of bright blue knots is seen to 
the NE of the core. 

COMPGAL 4 

COMPGAL 4 {z — 0.50) is an edge on disk galaxy with a well defined red bulge that is prominent in the if -band 
image. The bulge is encircled by blue arcs in the other bands. The disk may have a warp at large radii to the NE. 
The upturn in the disk is pointed towards a faint blue galaxy to the N. It is not clear if this neighboring galaxy is a 
companion or just a superposition. 

COMPGAL 5 

COMPGAL 5 is a compact disk galaxy at z = 0.73. It contains a prominent red bulge. A blue arc is located to the 
NW of the galaxy core. 

COMPGAL 6 

COMPGAL 6 (z = 0.42) appears to be either an inclined disk galaxy, or possibly an irregular galaxy. It contains a 
fairly red core, which is diffuse in the if -band. The core is surrounded by a series of blue knots. The south east corner 
of this galaxy shows a peculiar blue feature. 

COMPGAL 7 

At first glance COMPGAL 7 (z = 0.77) appears to be another small edge on spiral with a prominent red core. 
However, it is the reddest galaxy in our sample, so it might be a dwarf elliptical. A faint blue galaxy lies to the NW 
and may be a companion. 
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COMPGAL 8 

COMPGAL 8 is a disk galaxy at z = 0.77. It has two prominent spiral arms to the N and another linear blue feature 
to the S. The core of this galaxy is very blue. The core is the only feature that appears in the /C-band image, but 
even the core is faint in K. There is a blue knot on the western spiral arm. 

COMPGAL 9 

COMPGAL 9 is an irregular galaxy &t z = 0.70. It has a red core that is offset to the SE from much of the rest 

of the galaxy. The galaxy also contains several blue knots and blue wisps that lie to the N of the galaxy core. This 
galaxy is very luminous Mb = —20.88, but unlike the LIRGs, it is a very blue system B — V = 0.235. 

COMPGAL 10 

When viewed in the bluer bands, COMPGAL 10 {z = 0.46) looks like another irregular system. In the z and 
K-ha,m\ images it loots like a dwarf spiral or elliptical with a red central bulge. The differences between the blue and 
red morphologies may be indicating a recent minor merger between a gas rich cloud and a dwarf elliptical or spiral 
galaxy. 

COMPGAL 11 

COMPGAL 11 {z = 0.61) looks like a irregular galaxy in the blue bands and like a small disk galaxy in the redder 
bands. It has a red core. A blue arc runs through the core from the S to N, and may be a spiral structure. In the 
bluest band, the galaxy looks like a ring. 

REFERENCES 



Bell, E. F., Papovich, C, Wolf, C, Lc Floc'li, E., Caldwell, J. A. R., 
Barden, M., Egami, E., Mcintosh, D. H., Mcisenhcimcr, K., 
Perez-Gonzalez, P. G., Rieke, G. H., Rieke, M. J., Rigby, J. R., 
& Rix, H.-W. 2005, ApJ, 625, 23 

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393 

Bruzual, G., & Chariot, S. 2003, MNRAS, 344, 1000 

Chariot, S., & Fall, S. M. 2000, ApJ, 539, 718 

Crawford, T., Marr, J., Partridge, B., & Strauss, M. A. 1996, ApJ, 
460, 225 

Davidge, T. J. 2006, PASP, 118, 1626 

Davis, M., Faber, S. M., Newman, J., Phillips, A. C., Ellis, R. S., 
Steidel, C. C, Conselice, C, Coil, A. L., Finkbeiner, D. P., Koo, 
D. C., Guhathakurta, P., Weiner, B., Schiavon, R., Willmer, C, 
Kaiser, N., Luppino, G. A., Wirth, G., Connolly, A., Eisenhardt, 
P., Cooper, M., & Gerke, B. 2003, in Presented at the Society 
of Photo-Optical Instrumentation Engineers (SPIE) Conference, 
Vol. 4834, Discoveries and Research Prospects from 6- to 10- 
Meter-Class Telescopes II. Edited by Guhathakurta, Puragra. 
Proceedings of the SPIE, Volume 4834, pp. 161-172 (2003)., ed. 
P. Guhathakurta, 161-172 

Elbaz, D., Daddi, E., Le Borgne, D., Dickinson, M., Alexander, 
D. M., Chary, R.-R., Starck, J.-L., Brandt, W. N., Kitzbichler, 
M., MacDonald, E., Nonino, M., Popesso, P., Stern, D., & 
Vanzella, E. 2007, A&A, 468, 33 

Ferrciro, D. L., & Pastoriza, M. G. 2004, A&A, 428, 837 

Gao, Y. 1997, PASP, 109, 1189 

Giavalisco, M., Ferguson, H. C, Koekemoer, A. M., Dickinson, 
M., Alexander, D. M., Bauer, F. E., Bergeron, J., Biagetti, C, 
Brandt, W. N., Casertano, S., Ccsarsky, C, Chatzichristou, E., 
Conselice, C, Cristiani, S., Da Costa, L., Dahlen, T., do Mello, 
D., Eisenhardt, P., Erben, T., Fall, S. M., Fassnacht, C, Fosbury, 
R., Fruchter, A., Gardner, J. P., Grogin, N., Hook, R. N., 
Hornschemeier, A. E., Idzi, R., Jogee, S., Kretchmer, C, Laidler, 
v., Lee, K. S., Livio, M., Lucas, R., Madau, P., Mobasher, B., 
Moustakas, L. A., Nonino, M., Padovani, P., Papovich, C, Park, 
Y., Ravindranath, S., Renzini, A., Richardson, M., Riess, A., 
Rosati, P., Schirmcr, M., Schrcicr, E., Somerville, R. S., Spinrad, 
H., Stern, D., StiavcUi, M., Strolger, L., Urry, C. M., Vandame, 
B., Williams, R., & Wolf, C. 2004, ApJ, 600, L93 

Guzman, R., Gallego, J., Koo, D. C, Phillips, A. C, Lowenthal, 
J. D., Faber, S. M., lUingworth, G. D., & Vogt, N. P. 1997, ApJ, 
489, 559 

Hammer, F., Flores, H., Elbaa, D., Zheng, X. Z., Liang, Y. C., & 

Cesarsky, C. 2005, A&A, 430, 115 
Hattori, T., Yoshida, M., Ohtani, H., Sugai, H., Ishigaki, T., SasaJii, 

M., Hayashi, T., Ozaki, S., Ishii, M., & Kawai, A. 2004, AJ, 127, 

736 

Ishida, C. M. 2004, Ph.D. Thesis 



Jogee, S., Barazza, F. D., Rix, H.-W., Shlosman, I., Barden, M., 
Wolf, C, Davies, J., Heyer, I., Beckwith, S. V. W., Bell, E. F., 
Borch, A., Caldwell, J. A. R., Conselice, C. J., Dahlen, T., 
Hausslcr, B., Hcymans, C, Jahnke, K., Knapen, J. H., Laine, S., 
Lubell, G. M., Mobasher, B., Mcintosh, D. H., Meisenheimer, 
K., Peng, C. Y., Ravindranath, S., Sanchez, S. F., Somerville, 
R. S., & Wisotzki, L. 2004, ApJ, 615, L105 

Jogee, S., Scoville, N., & Kenney, J. D. P. 2005, ApJ, 630, 837 

Knierman, K. A., & Knezek, P. M. 2005, American Astronomical 
Society Meeting Abstracts, 207, 

Koo, D. C., Guzman, R., Faber, S. M., lUingworth, G. D., 
Bershady, M. A., Kron, R. G., & Takamiya, M. 1995, ApJ, 440, 
L49 

Krist, J. 1995, Astronomical Data Analysis Software and Systems 
IV, 77, 349 

Le Floc'h, E., Papovich, C, Dole, H., Bell, E. F., Lagache, G., 
Rieke, G. H., Egami, E., Perez-Gonzalez, P. G., Alonso-Herrcro, 
A., Rieke, M. J., Blaylock, M., Engelbracht, C. W., Gordon, 
K. D., Hines, D. C, Misselt, K. A., Morrison, J. E., & Mould, 
J. 2005, ApJ, 632, 169 

Lotz, J. M., Davis, M., Faber, S. M., Guhathakurta, P., Gwyn, 
S., Huang, J., Koo, D. C, Le Floc'h, E., Lin, L., Newman, J., 
Noeske, K., Papovich, C, Willmer, C. N. A., Coil, A., Conselice, 

C. J., Cooper, M., Hopkins, A. M., Metevier, A., Primack, J., 
Rieke, G., & Wcincr, B. J. 2006, ArXiv Astrophysics c-prints 

McGregor, P. J., & Hyland, A. R. 1981, ApJ, 250, 116 
Melbourne, J., Dawson, K. S., Koo, D. C, Max, C, Larkin, J. E., 
Wright, S. A., Steinbring, E., Barczys, M., Aldering, G., Barbary, 
K., Doi, M., Fadeyev, V., Goldhabcr, G., Hattori, T., Ihara, 
Y., Kasliikawa, N., Konishi, K., Kowalski, M., Kuznctsova, N., 
Lidnian, C, Morokuma, T., Pcrlmutter, S., Rubin, D., Schlcgel, 

D. J., Spadafora, A. L., Takanashi, N., & Yasuda, N. 2007a, AJ, 
133, 2709 

Melbourne, J., Koo, D. C, & Le Floc'h, E. 2005a, ApJ, 632, L65 
Melbourne, J., Phillips, A. C, Barker, J., Novak, G., Koo, D. C, 

& Faber, S. M. 2007b, ApJ, 660, 81 
Melbourne, J., Wright, S. A., Barczys, M., Bouchcz, A. H., Chin, J., 
van Dam, M. A., Hartman, S., Johansson, E., Koo, D. C, Lafon, 
R., Larkin, J., Le Mignant, D., Lotz, J., Max, C. E., Pennington, 
D. M., Stomski, P. J., Summers, D., & Wizinowich, P. L. 2005b, 
ApJ, 625, L27 

Phillips, A. C, Guzman, R., Gallego, J., Koo, D. C, Lowenthal, 
J. D., Vogt, N. P., Faber, S. M., & lUingworth, G. D. 1997, ApJ, 
489, 543 



27 



Rieke, G. H., Young, E. T., Engelbracht, C. W., Kelly, D. M., Low, 
F. J., Haller, E. E., Beeman, J. W., Gordon, K. D., Stansberry, 
J. A., Misselt, K. A., Cadien, J., Morrison, J. E., Rivlis, G., 
Latter, W. B., Noriega-Crespo, A., Padgett, D. L., Stapelfeldt, 
K. R., Hines, D. C, Egami, E., MuzeroUe, J., Alonso-Herrero, 
A., Blaylock, M., Dole, H., Hinz, J. L., Le Floc'h, E., Papovich, 

C, Perez-Gonzalez, P. G., Smith, P. S., Su, K. Y. L., Bennett, L., 
Prayer, D. T., Henderson, D., Lu, N., Masci, F., Pesenson, M., 
RebuU, L., Rho, J., Keene, J., Stolovy, S., Wachter, S., Wheaton, 
W., Werner, M. W., & Richards, P. L. 2004, ApJS, 154, 25 

Rix, H.-W., Barden, M., Beckwith, S. V. W., Bell, E. F., Borch, A., 
Caldwell, J. A. R., Haussler, B., Jahnke, K., Jogee, S., Mcintosh, 

D. H., Meisenheimer, K., Peng, C. Y., Sanchez, S. F., Somerville, 
R. S., Wisotzki, L., & Wolf, C. 2004, ApJS, 152, 163 

Rosati, P., Tozzi, P., Giacconi, R., Gilli, R,., Hasinger, G., Kewley, 
L., Mainieri, V., Nonino, M., Norman, C., Szokoly, G., Wang, 
J. X., Zirm, A., Bergeron, J., Borgani, S., Gilmozzi, R,., Grogin, 
N., Koekemoer, A., Schreier, E., & Zheng, W. 2002, ApJ, 566, 
667 

Sanders, D. B., & Mirabel, L F. 1996, ARA&A, 34, 749 
Scoville, N., Aussel, H., Brusa, M., Capak, P., CaroUo, C. M., Elvis, 
M., Giavalisco, M., Guzzo, L., Hasinger, G., Impey, C., Kneib, 
J. ., LeFevre, O., Lilly, S. J., Mobasher, B., Renzini, A., Rich, 
R. M., Sanders, D. B., Schinnerer, E., Schminovich, D., Shopbell, 
P., Taniguchi, Y., & Tyson, N. D. 2006, ArXiv Astrophysics e- 

prints 

Sheth et al. 2007, ArXiv e-prints, 710, larXiv:0710.4552l 
Soifer, B. T., & Neugebauer, G. 1991, AJ, 101, 354 
Szokoly, G. P., Bergeron, J., Hasinger, G., Lehmann, I., Kewley, 
L., Mainieri, V., Nonino, M., Rosati, P., Giacconi, R., Gilli, R., 
Gilmozzi, R., Norman, C., Romaniello, M., Schreier, E., Tozzi, 
P., Wang, J. X., Zheng, W., & Zirm, A. 2004, ApJS, 155, 271 



Vanzella, E., Cristiani, S., Dickinson, M., Kuntschner, H., Nonino, 
M., Rettura, A., Rosati, P., Vernet, J., Cesarsky, C., Ferguson, 
H. G., Fosbury, R. A. E., Giavalisco, M., Grazian, A., Haase, 
J., Moustakas, L. A., Popesso, P., Renzini, A., Stern, D., & The 
Goods Team. 2006, A&A, 454, 423 

Wang, J. L., Xia, X. Y., Mao, S., Cao, C., Wu, H., & Deng, Z. G. 
2006, ApJ, 649, 722 

Willmer, C. N. A., Faber, S. M., Koo, D. C., Weiner, B. J., 
Newman, J. A., Coil, A. L., Connolly, A. J., Conroy, C, Cooper, 
M. C, Davis, M., Finkbeiner, D. P., Gerke, B. F., Guhathakurta, 
P., Harker, J., Kaiser, N., Kassin, S., Konidaris, N. P., Lin, L., 
Luppino, G., Madgwick, D. S., Noeske, K. G., Phillips, A. C, & 
Yan, R. 2005, ArXiv Astrophysics e-prints 

Wirth, G. D., Willmer, C. N. A., Amico, P., Chaffee, F. H., 
Goodrich, R. W., Kwok, S., Lyke, J. E., Mader, J. A., Tran, 
H. D., Barger, A. J., Cowie, L. L., Capak, P., Coil, A. L., Cooper, 
M. C, Conrad, A., Davis, M., Faber, S. M., Hu, E. M., Koo, 
D. C, Le Mignant, D., Newman, J. A., & Songaila, A. 2004, AJ, 
127, 3121 

Wolf, C, Meisenheimer, K., Kleinhcinrich, M., Borch, A., Dye, S., 
Gray, M., Wisotzki, L., Bell, E. F., Rix, H.-W., Cimatti, A., 
Hasinger, G., & Szokoly, G. 2004, A&A, 421, 913 

Zheng, X. Z., Dole, H., Bell, E. F., Le Floc'h, E., Rieke, G. H., Rix, 
H.-W., & Schiminovich, D. 2007, ArXiv e-prints, 706 

Zheng, X. Z., Hammer, F., Flores, H., Assemat, F., & Rawat, A. 
2005, A&A, 435, 507 



